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We investigate the scattering and absorption properties of anisotropic metal-dielectric core-shell nanoparticles.
It is revealed that the radially anisotropic dielectric layer can accelerate the evanescent decay of the localized
resonant surface modes, leading to Q-factor and absorption rate enhancement. Moreover, the absorption
cross section can be maximized to reach the single resonance absorption limit. We further show that such
artificial anisotropic cladding materials can be realized by isotropic layered structures, which may inspire
many applications based on scattering and absorption of plasmonic nanoparticles. c© 2018 Optical Society
of America
OCIS codes: 290.5850, 240.6680, 160.1190.
In the field of nanophotonics and many other inter-
disciplinary subjects, optical waveguides and resonators
play an essential role, which provide an indispensable
platform for efficient light-matter interactions [1]. Be-
hind different sorts of waveguides and resonators, there
are various mechanisms for spatial confinement of light
at different scales, of which the total internal reflection
(TIR) is probably the most widely employed principle.
Nevertheless, many applications (such as high-precision
sensing and nanoscale lasing) pose more stringent re-
quirements of stronger electromagnetic localization that
convectional TIR based optical devices can barely meet.
Recently a modified version of TIR has been introduced
(the so called relaxed total internal reflection, RTIR),
which shows that at the interface of anisotropic and
isotropic dielectrics, evanescent waves could decay much
faster [2]. Based on such a more general principle of
TIR, stronger electromagnetic field confinement has been
demonstrated in both optical waveguides [2] and res-
onators [3], which directly leads to all-dielectric waveg-
uiding beyond the diffraction limit and low order reso-
nances of significantly higher Q-factors.
Besides TIR, electromagnetic surface waves [4,5] pro-
vide an alternative significant approach for photonic en-
ergy confinement, of which the subject of surface plas-
mon waveguides and resonators stands as currently the
most outstanding example [6]. For many applications
based on plasmonic structures, such as nano-scale las-
ing [7, 8], sensing [9], and photovoltaic devices [10], effi-
cient manipulation of scattering and absorption for plas-
monic resonances are required, which usually involves
special structure design and geometric tuning [11–16].
In this Letter, inspired by the principle of RTIR, the
effects of anisotropic dielectric layers on the localized
surface plasmonic resonances are studied. It is demon-
strated that the anisotropy can effectively provide an
additional degree of freedom for manipulation of scatte-
ring and absorption cross sections. More specifically, we
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Fig. 1: (a) Schematic illustration of the scattering of a nor-
mally incident TM polarized plane wave by a metal core- di-
electric shell nanowire. The radii for the core and shell layers
are R1 and R2 respectively, and the dielectric layer is radially
anisotropic on the x − z plane of azimuthal and radial in-
dexes na and nr respectively. (b) The change of decay length
with frequency for the plasmonic mode at the semi-infinite
metal-anisotropic dielectric interface (inset). The indexes of
the dielectric layer are na and nr along the propagating and
perpendicular directions respectively. The anisotropy param-
eter is defined as η = na/nr.
investigate the scattering of a core (metal)-shell (radially
anisotropic dielectric) nanowire and show that the dielec-
tric anisotropy accelerates the decay of the plasmonic
mode at the metal-dielectric interface, leading to higher
Q-factors of the plasmonic resonances. It is further re-
vealed that, due to stronger light confinement effect in-
duced by the anisotropic layer, the resonance absorption
can be maximized to reach the single resonance absorp-
tion limit with properly designed resonators. We expect
that the mechanism we have proposed can shed new light
not only to many plasmonic structure based applications,
such as nano-lasing, sensing, and photovoltaic devices,
but also to the investigations into scattering properties
of two dimensional (2D) structures that are intrinsically
highly anisotropic [17].
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In Fig. 1(a) we show schematically the nonmagnetic
(µ = 1) core-shell structure under consideration: the
isotropic metallic core of radius R1 with permittivity εm
coated by a radially anisotropic dielectric layer of radius
R2; On the x− z plane the radial and azimuthal refrac-
tive indices are nr and na respectively and the anisotropy
parameter is defined as η = na/nr; the normally incident
plane wave is of transverse magnetic (TM) polarization
(the magnetic field is fixed along the y direction, axis of
the nanowire) to ensure the excitation of the plasmonic
modes. We note here that for the transverse electric po-
larization, as there is only one electric field component
along the y direction and thus the mode is not affected
by the radial anisotropy on the x− z plane.
To understand the effects of the anisotropic layer on
the plasmonic type resonances, we start with the fun-
damental waveguiding structure of semi-infinite metal-
anisotropic dielectric configuration [shown as the inset
of Fig. 1(b)]: the dielectric indices along the propagat-
ing and perpendicular directions are set to be na and
nr respectively [consistent with the dielectric layer in
Fig. 1(a)]. The angular wavenumber of the supported
TM plasmonic mode is [4]:
kspp = k0
√
εmεd(εd − εm)
ε2d − η2ε2m
, (1)
where k is the angular wave number in the background
material (vacuum in this study) and εd = n
2
a. As a re-
sult, the angular wave number along the perpendicular
direction in the dielectric layer can be expressed as [1,2]:
k⊥d =
√
εdk20 − η2k2spp (2)
Then we define the perpendicular decay length of the
plasmonic mode in the dielectric layer as
δ = Im(k⊥d )
−1, (3)
where Im(·) corresponds to the imaginary part. To
demonstrate how the anisotropic dielectric layer accel-
erates the evanescent decay of the plasmonic mode, in
Fig. 1(b) we show the decay length for both isotropic
and anisotropic cases: the refractive index of isotropic
dielectric layer is fixed at n = 2 and for better compar-
ison the indexes of the anisotropic dielectric layer are
restricted by nanr = n
2, and as a result η = (na/n)
2
(as is the case throughout this paper); without lose of
generality, we employ the Drude model for the metal
εm = 1−ω2p/ω2 where ω is the angular frequency and ωp
is the bulk plasmon frequency. It is clear from Fig. 1(b)
that for the anisotropic case, the decay length is much
smaller, indicating much faster exponential decay along
the perpendicular direction.
According to the correspondence between localized
and propagating surface plasmons [16], similar to
the demonstration of Q-factor enhancement for RTIR
based all-dielectric resonators [3], we expect that the
anisotropic dielectric layer can also improve the Q-factor
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Fig. 2: (a) Scattering (red curves) and absorption (blue
curves) efficiency spectra (both total efficiency and that of the
ED) for the core-shell nanowire of R1 = 150 nm and R2 = 350
nm. The results for both the isotropic (η = 1, dashed curves)
and anisotropic (η = 4, solid curves) cases are shown. The
scattering resonant positions of ED are denoted by D and
D′ respectively (λD = 1.5 µm and λD′ = 1.28 µm) and the
corresponding near-field distributions (in terms of |Hy|2) are
shown in (b) and (c) . (d) The dependence of Q-factor of the
ED resonance on the anisotropy parameter, where the two
cases shown in (a) are also indicated.
of plasmonic resonances. To justify this point, now we
study directly the scattering properties of the configu-
ration shown in Fig. 1(a). This seminal 2D scattering
problem has been well studied [3, 18–20], and the scat-
tering and absorption cross sections can be expressed
respectively as:
Csca =
4
k (|a0|2 + 2
∑∞
m=1 |am|2),
Cabs =
4
k [Υ(a0) + 2
∑∞
m=1 Υ(am)]
(4)
where the function Υ(x) is defined as Υ(x) = Re(x) −
|x|2, and Re(·) means the real part; a0 and am are
the scattering coefficients, which are η dependent. Then
the scattering and absorption efficiencies are Qsca,abs =
Csca,abs/2R2. Here in this work we confine our study
to the plasmonic mode of the lowest order (electric
dipole, ED), which corresponds to the scattering coeffi-
cient a1 [21,22] and it is actually quite natural to extend
such study to other higher order plasmon resonances of
TM nature.
In Fig. 2(a) we show the scattering and absorption effi-
ciencies (the total efficiency and that contributed by ED
only) for the nanowire of R1 = 150 nm and R2 = 350 nm
for both isotropic case of η = 1 and anisotropic case of
η = 4. The metal is gold with the permittivity taken from
experimental data [23]. It is clear that the anisotropic
cladding makes the ED resonance sharper, indicating
a higher Q-factor. To clarify the origin we choose the
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Fig. 3: ((a) Normalized absorption cross section spectra (blue
curves) for the core-shell nanowire of R1 = 75 nm and
R2 = 150 nm. Four cases of η = 1, 3, 4, 5 are studied and
the absorption resonant positions for the anisotropic cases of
η 6= 1 are indicated by P1,2,3. For η = 4 when the single
resonance absorption limit can be reached, the normalized
scattering cross section spectrum (red curve) is also shown.
(b) Normalized absorption cross section spectra for core-shell
nanowires of fixed shell radius of R2 = 150 nm. Three combi-
nations of core radius and anisotropy parameter are shown,
where the absorption has been maximized at different reso-
nant positions.
two scattering resonant positions indicated in Fig. 2(a)
(λD = 1.5 µm and λD′ = 1.28 µm) and the correspond-
ing near-field distributions (|Hy|2) at those two points
are shown in Fig. 2(b) and Fig. 2(c) respectively. As is
the case for the anisotropic metal-dielectric waveguide
[shown in Fig. 1(b)], the sharper resonance is induced
by the tighter localization of the plasmonic mode at the
interface along the radial direction [see Fig. 2(b) and (c)],
which enables stronger electromagnetic energy confine-
ment. To give more details concerning how the Q-factor
of the resonance is affected by η, in Fig. 2(d) we show
specifically its dependence, where the Q-factor is approx-
imated by fitting the scattering curves into a Lorentzian
distribution [1, 3]. It is quite clear that the anisotropic
dielectric layer can effectively enhance the Q-factor of
the plasmonic resonances.
In addition to the Q-factor improvements, the results
in Fig. 2(a) also demonstrate that the enhancement of
the absorption at the resonance (see blue curves). As a
next step, we study in detail how the anisotropy can be
employed for the maximization of the plasmonic reso-
nance absorption [24]. For the 2D scattering configura-
tion shown in Fig. 1(a), it is known that there exists
a single channel absorption cross section limit for each
individual resonance [14,16,25–27]:
Clim =
λ
4pi
, (5)
which can be reached if at the resonant position the
scattering and absorption rates equal to each other [16,
27–29]. Despite the magnetic dipole resonance (charac-
terized by a0), all other resonances including ED ac-
tually correspond two degenerate channels [21, 22], of
which the absorption limit is consequently 2Clim. In
Fig. 3(a) we show the normalized ED absorption cross
sections Nabs = Cabs/2Clim for the core-shell nanowire
of R1 = 75 nm and R2 = 150 nm. Four cases are inves-
tigated for η = 1, 3, 4, 5. It is clear that in the spectrum
region shown, the absorption has been significantly en-
hanced when the anisotropic shell is introduced. For the
three anisotropic cases the absorption resonant positions
are indicated, where at P1 of η = 4 the single resonance
absorption limit is reached. For this special case, we also
show in Fig. 3(a) the normalized ED scattering spectra
Nsca = Csca/2Clim. It is clear that at P1 the scattering
and absorption rates (cross sections) are equal, which
leads to the absorption maximization. At the other two
points P2 (η = 5) and P3 (η = 3), the scattering rates
are smaller and larger, respectively, than the absorption
rates, leaving the single resonance absorption limit un-
touched. Moreover, a proper geometric tuning and se-
lection of the anisotropy parameters can help to achieve
the optimal absorption at various resonant frequencies.
In Fig. 3(b) we show three cases with fixed shell layer
width of R2 = 150 nm while with different combina-
tions of core radii and anisotropy parameters, when the
absorption reaches the maximum value at different wave-
lengths. We note that here we demonstrate the absorp-
tion maximization in the visible spectral region where
the loss of Au is relatively highly. Such enhancement
can certainly be achieved at other spectrum regions of
low intrinsic loss rate, where however larger anisotropy
parameters are required.
Finally, we discuss the possible realizations of the scat-
tering resonators discussed above. For natural materi-
als, the anisotropy parameters are usually low and thus
would not significantly affect the Q-factor or the absorp-
tion of the low order plasmonic resonances. Nevertheless,
with the recent rapid progress in the field of metamateri-
als, many exotic features of materials, including unusual
refractive indexes and anisotropy parameters have been
obtained [30–32]. To achieve large anisotropy parameters
of the dielectric layer, we employ a multilayered cladding
consisting of two isotropic dielectrics of positive refrac-
tive indexes n1 and n2 [n1 < n2, see Fig. 4(a)]. As long
as each dielectric layer width is far smaller than the ef-
fective wavelength in the layers, the effective medium
theory can be applied [3, 31], then the effective indexes
for the multi-layered cladding along the radial and az-
imuthal directions are respectively:
3
nr = n1n2/
√
(1− f)n21 + fn22, na =
√
fn21 + (1− f)n22,
(6)
where f is the filling factor of the higher index layer in
terms of layer width. As a result, the radial anisotropy
parameter obtained is:
η(f) =
√
fn21 + (1− f)n22
√
(1− f)n21 + fn22
n1n2
. (7)
The highest anisotropy parameter obtainable is ηmax =
(n21 + n
2
2)/2n1n2 when f = 0.5. To conform to the index
parameters adopted already in this work, we study the
simple case of n1 = 1 and n2 = 4 which makes effec-
tively nanr = n
2 = 4 and ηmax = 2.13 when f = 0.5.
To achieve ηmax, as long as the effective medium the-
ory can be applied and f = 0.5, the specific layer width
is not important and thus of course the whole cladding
does not have to bee periodic. We give a simple exam-
ple here: the metal core (R1 = 150 nm is covered by six
dielectric unit cells and each unit cell is made of two di-
electric layers with different indexes but the same width
(this makes f = 0.5); each layer width in the i− th unit
cell is di = 2i+1 for i = 1 : 6 [see the schematic shown in
Fig. 4(a)] and consequently R2 = 246 nm. The scattering
and absorption efficiency spectra of such isotropic multi-
layered resonator are shown in Fig. 4(b) (solid curves),
which agree very well with the results (shown in cir-
cles) of the corresponding two-layered metal-anisotropic
dielectric nanowire of nanr = n
2 = 4 and ηmax = 2.13.
Furthermore, we show also the near-field distributions of
|Hy|2 at the scattering resonant position [indicated by D˜
in Fig. 4(b) and λD˜ = 1.1 µm] in Fig. 4(c) and Fig. 4(d)
for both cases, which also agree quite well. Those results
can justify the effectiveness of our approach for resonance
control relying on dielectric anisotropy.
To conclude, we propose and demonstrate the effi-
cient engineering of Q-factor and absorption for plas-
monic resonances relaying an anisotropic cladding layer.
By analyzing the scattering properties of the anisotropic
core-shell metal-dielectric nanowires, we reveal that the
resonance Q-factor can be enhanced and the absorption
can be maximized to reach the ultimate single resonance
limit due to the faster evanesce decay and thus stronger
energy confinement of the localized surface plasmonic
modes. We note that the principle we have revealed can
certainly be applied to higher order modes, and res-
onators of other shapes, and also other anisotropy such
as permeability anisotropy, and to other sorts of sur-
face modes [5]. For the proof of concept demonstration,
we adopt a multi-layered lossless cladding that exhibits
moderate effective anisotropy parameter (ηmax = 2.13).
Nevertheless, we have to keep in mind that relying
on metamaterials and 2D materials, much more exotic
anisotropy features can be obtained (including complex
anisotropy parameters) [17, 30–32], which may enable
much stronger field localization and more flexible res-
onance manipulations, thus shedding new light to many
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Fig. 4: (a) The schematic of the scattering configuration
where a relatively large effective anisotropy parameter can
be obtained for the cladding layer: the metallic core R1 =
150 nm is surrounded by alternating isotropic dielectric layers
of indexes of n1 and n2 with linearly increasing layer widths
(R2 = 246 nm). The corresponding scattering and absorption
efficiency spectra are shown in (b) by solid curves, where the
spectra for the corresponding two layered metal-anisotropic
dielectric nanowire are also shown by circles for comparison.
The resonant position of λ = 1.1 µm is indicated and at this
position the near-field distributions (in terms of |Hy|2) are
shown for both cases in (c) and (d).
plasmonic metamateris and 2D materials based funda-
mental researches and applications.
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